Duchenne muscular dystrophy (DMD) is a lethal muscle disease involving progressive loss of muscle regenerative capacity and increased fibrosis. We tested whether epigenetic silencing of the klotho gene occurs in the mdx mouse model of DMD and whether klotho silencing is an important feature of the disease. Our findings show that klotho undergoes muscle-specific silencing at the acute onset of mdx pathology. Klotho experiences increased methylation of CpG sites in its promoter region, which is associated with gene silencing, and increases in a repressive histone mark, H3K9me2. Expression of a klotho transgene in mdx mice restored their longevity, reduced muscle wasting, improved function and greatly increased the pool of muscle-resident stem cells required for regeneration. Reductions of fibrosis in late, progressive stages of the mdx pathology achieved by transgene expression were paralleled by reduced expression of Wnt target genes (axin-2), transforming growth factor-beta (TGF-b1) and collagens types 1 and 3, indicating that Klotho inhibition of the profibrotic Wnt/TGFb axis underlies its anti-fibrotic effect in aging, dystrophic muscle. Thus, epigenetic silencing of klotho during muscular dystrophy contributes substantially to lost regenerative capacity and increased fibrosis of dystrophic muscle during late progressive stages of the disease.
Introduction
The discovery that Duchenne muscular dystrophy (DMD) is caused by mutation of the dystrophin gene that encodes a membrane associated structural protein (1) initially led to the expectation that the pathogenesis of DMD would be easily interpretable in the context of dystrophin-deficiency. However, the pathology of dystrophin-deficiency is intertwined with multiple secondary defects that play major roles in determining the magnitude and course of the disease. In part, the complexity of dystrophinopathies is attributable to the reduced stability and subsequent loss of a complex of dystrophin-associated proteins that serves structural, signaling and likely many unknown, regulatory functions in muscle (2) . The complexity is also amplified by tremendous reductions in the expression of enzymes such as neuronal nitric oxide synthase [nNOS (3) (4) (5) ] that play multiple and diverse regulatory roles in maintaining muscle homeostasis and by the secondary involvement of other tissues, especially the immune system, that can play pivotal roles in determining the magnitude and course of the disease (6) .
More recent discoveries have shown that perturbations in epigenetic regulation of gene expression also feature in the pathology of DMD and the mdx mouse model of DMD. For example, assays for global histone modifications in DMD and mdx muscles showed that histone H3 modifications including Lys 79 methylation and Lys 9 and 14 acetylation are increased in dystrophic muscles (7) . In addition, disruptions in histone deacetylase (HDAC) activity in dystrophic muscle may contribute to disease severity through dysregulation of epigenetic controls. Pathological increases in HDAC2 activity in mdx muscle may lead to reduced expression of the gene encoding follistatin, a protein that is a positive regulator of muscle growth (8) , the loss of which may exacerbate muscular dystrophy. Despite the potential importance of these and other perturbations of epigenetic regulation in the pathogenesis of DMD and the demonstrated efficacy of therapeutics designed to normalize the expression or activity of epigenetic regulatory enzymes (9) , little is known of the identity of specific genes that experience perturbations of epigenetic regulation during muscular dystrophy.
In this investigation, we explore the possibility that perturbations in the epigenetic regulation of the klotho gene affect the pathology of muscular dystrophy. Klotho (KL) is expressed as a transmembrane protein from which the extracellular domain can be cleaved and released to function as a circulating hormone or expressed as a truncated form that is secreted or retained in the cytoplasm (10) (11) (12) . KL has been studied primarily for its roles in regulating kidney function, where its level of expression is highest (10) and interest has centered on the impact of the progressive loss of KL expression during aging, which contributes to age-related changes in several organs, including kidney and skin (10) . KL is also expressed at low levels in skeletal muscle, where its function is unknown (10) . However, the reduction of muscle mass and strength in klotho hypomorphic mutants (10, 13) suggests that it plays a positive, regulatory role influencing muscle function and growth.
The klotho gene is under intense epigenetic regulation in several tissues. Kidney tissue exposed to uremic toxins experienced a reduction in KL expression by more than 50% which was associated with increased methylation of the klotho promoter region at regions where cytosines are linked to guanine nucleotides by a single phosphate [CpG sites (14) ]. Similarly, klotho methylation at CpG sites was increased in the kidneys of patients with chronic kidney disease, which was paralleled by decreased KL expression and increased kidney pathology and fibrosis (15) . Klotho is also highly methylated in tumor tissues, an occurrence that is associated with elevated methylation of CpG sites in the promoter region of klotho and klotho gene silencing (16) (17) (18) . In some cancer cell lines, klotho silencing can be reversed by reagents that inhibit DNA methyltransferases, especially DNMT1 (DNA methyltransferase-1), that methylate CpG sites (17) . Notably, oxidative stress in tissues may drive increases in klotho gene methylation and silencing. For example, oxidative stress of cerebellar granule neurons caused reductions in KL expression that were rescued by DNMT inhibitors, which is consistent with the possibility that oxidative stress increases KL methylation at CpG sites, causing gene silencing (19) .
Here, we test the hypothesis that klotho gene methylation causes gene silencing and worsens the pathology of muscular dystrophy. We also assay for changes in other epigenetic regulatory events, such as histone modifications, that have been associated with klotho silencing in other systems (20) . We assay for these changes in epigenetic modifications at the time of clinical onset of the disease, which occurs at about 4 weeks of age. This is then followed by a regenerative period, when muscle repair keeps pace with muscle damage. However, at 12 months of age, the mice enter a progressive stage of pathology that eventually leads to their early death (21) . We test whether klotho gene silencing contributes to any stage of the mdx disease progression and assay for the effects of expressing a klotho transgene on the pathology of mdx dystrophy.
Results

Klotho gene expression is silenced after the clinical onset of muscular dystrophy
Quantitative PCR (QPCR) analysis of KL mRNA levels in 2-weekold mdx muscles, before clinical onset of the disease, shows that KL expression does not differ from wild-type muscles (Fig. 1A) . However, at 4 weeks of age, which is the acute onset of pathology, klotho expression in mdx muscles is over 80% less than in wild-type muscles. Between 4 and 12 weeks, KL expression declines in both mdx and wild-type muscles, although expression remains $80% lower in mdx than in age-matched, 3-month-old wild-type muscles ( Fig. 1A and B) . Immunohistochemical observations show that in healthy, 3-month-old wild-type muscles that KL expression is detectible in the cytoplasm of muscle fibers, although in age-matched mdx muscles KL expression is only observed in mononucleated cells between muscle fibers ( Fig. 1C and D) . Preabsorbtion of Klotho-specific IgG from the antiserum with recombinant klotho depleted all cytosolic staining of wild-type muscle fibers. Klotho gene silencing also occurs in DMD muscles after disease onset; biopsies from DMD patients aged 9-17 years old show over an 80% reduction in KL expression compared with healthy, control muscle (Fig. 1E) . QPCR data also demonstrate that the reduction of KL expression in mdx mice is muscle specific; KL expression is reduced by over 60% in 6-week-old mdx muscles compared with controls, but the same mice showed no differences in KL expression in brain, kidney, pancreas or spleen, compared with age-matched control tissues (Fig. 1F ).
Klotho gene silencing in mdx mice does not affect levels of serum KL Serum ELISA for circulating levels of KL in 1-month-old mice showed that mdx dystrophy did not cause a significant change in serum KL concentrations (wild-type: 977 pg/ml, S.E.M.
Klotho gene silencing is associated with increased gene methylation in the promoter region and increased dimethylation of H3K9
Because previous investigators have shown that changes in methylation of the klotho gene can be important in regulating its expression (14) (15) (16) (17) (18) (19) 22) , we assayed for differences in its methylation that were associated with its silencing in muscular dystrophy. We first assayed for changes in CpG methylation patterns in the promoter region that contains 116 CpGs in a 1420 nt region that borders the transcriptional start site (TSS). We found that there was an increase of over 35% in the methylation levels of CpG sites in this region of the klotho gene ( Fig. 2A) . We further explored sites at which the klotho gene experienced increased methylation associated with its silencing by using R package Biseq to identify regions in which there are consistently and significantly elevated methylation levels. This approach identified a differentially methylated region (DMR) of 119 nucleotides within the 1420 nt region in which the mdx klotho gene experienced consistently higher CpG methylation events (Fig. 2B) . Furthermore, we performed cluster analysis of methylation levels of mdx and wild-type klotho genes in the region containing the TSS using the single-clustering method and found that mdx and wild-type type data were segregated, indicating two separate populations (Fig. 2C) . Finally, we assayed for changes in the expression of enzymes that mediate DNA methylation at CpG sites. We focused on DNMT1 because it is the primary methyltransferase acting on CpG sites in mammals (23) and previous investigators have shown that kidney cells exposed to toxins in vitro experience an increase in DNMT1-mediated methylation of klotho, leading to a reduction in KL mRNA levels (14) . Our findings show that DNMT1 expression is more than two times higher in mdx muscles than wild-type muscles at 4 weeks of age, and the elevated levels persist in the muscles of 3-monthold mice (Fig. 2D) .
We also found enrichment of H3K9 dimethylation in the klotho promoter region in mdx muscles. Because previous investigators showed that mdx mice experienced global, differential methylation of genes at histone 3 on lysine 79 (H3K79) and lysine 9 (H3K9) and differential acetylation of H3K9 (7), we used chromatin immunoprecipitation (ChIP) assays to test whether the klotho gene experienced differential methylation/acetylation at these sites. Although our data show no differences in H3K79 methylation or H3K9 acetylation in mdx or wild-type muscles, we found large increases in H3K9 dimethylation on the klotho gene in mdx muscles using an antibody that was specific for the dimethylated form of K9 on histone 3 ( Fig. 2E and F) . Because H3K9me2 is a strongly repressive histone mark, the observations indicate that H3K9 dimethylation of klotho may play a significant role in its silencing in mdx muscle.
Menadione-induction of H3K9me2 on klotho is associated with klotho gene silencing Because increases in oxidative stress can lead to reductions of klotho expression in kidney cells in vitro (24) and the increase in inflammation in mdx muscle at the acute peak of the disease (6) is associated with increased oxidative stress, we assayed whether menadione treatment of muscle cells silenced klotho expression in vitro (Fig. 3) . We observed that treating myotube cultures with menadione, which induces the production of free radicals (25) , caused dose-responsive reductions in KL mRNA levels (Fig. 3A) . However, menadione treatment did not increase the relative levels of methylation of the promoter region of klotho, assessed by methylation specific QPCR (Fig. 3B) despite the increased expression of DNMT1 in menadione-treated cells (Fig. 3D) . Furthermore, bisulfite sequencing of the promoter region containing all 116 CpG sites analyzed showed high levels of CpG methylation at all CpG sites throughout the region, including the DMR, in myoblasts and myotubes that were not subjected to menadione treatment (Fig. 3C) . In contrast, the same region of klotho in DNA isolated from whole muscle tissue showed low levels of CpG methylation (Fig. 3C ), indicating that CpG sites are available for methylation and regulation of klotho expression in whole muscle in vivo, but not muscle cells in vitro. We then tested whether histone modifications were associated with klotho silencing in muscle cells in vitro. ChIP data show that treating myotubes with menadione caused large increases in dimethylation of H3K9 on klotho, without affecting H3K79 dimethylation or H3K9 acetylation (Fig. 3E ), just as we observed in mdx muscle tissue in vivo.
Expression of a klotho transgene in mdx mice increases longevity and improves function
We assayed whether elevating levels of klotho expression in mdx mice affected the pathology of mdx muscular dystrophy. QPCR and western data confirm that introduction of the klotho transgene produced elevations of KL mRNA and protein in mdx muscles (KLþ/mdx mice; Fig. 4A and B). The effect of klotho transgene expression on longevity was assayed by recording mortality rate, defined as the percentage of mice in each genotype group that died during the first 2 years of life. During that period, 3.5% of wild-type mice died and 15% of mdx mice died (Fig. 4C) . However, klotho transgene expression in mdx mice reduced the proportion of mice dying in the first 2 years to 6.98% (Fig. 4C ). In addition, mouse function was improved by transgene expression shown by increases in both the treadmill running time until exhaustion (5.8-fold increase; Fig. 4D ) and the wire-hang time (3.4-fold increase; Fig. 4E ). Klotho transgene expression also caused increases in muscle mass normalized to body mass in mdx mice ( Fig. 4F-H ).
Expression of a klotho transgene in mdx mice increases muscle fiber size and number and increases satellite cell number
Histology of muscles from wild-type, mdx and KLþ/mdx mice at 6 months and 2 years shows that klotho transgene expression greatly reduces features of mdx pathology. During this interval, wild-type muscle shows a progressive reduction in fiber size and increases in interstitial space, attributable to age-related changes (26) (Fig. 5A-I ). Over this same period, mdx mice show much more loss of fiber size and increases in interstitial space, reflecting the progressive loss of muscle tissue and increased ChIP assay of epigenetic modification of histone 3 at the klotho gene showed significant elevations of K9 dimethylation in mdx muscles. N ¼ 5 for each data set. * indicates significantly different from age-matched control at P < 0.05. All data sets analyzed by one-way ANOVA.
fibrosis ( Fig. 5A-I ). However, expression of the klotho transgene in mdx muscle significantly reduces the loss of fiber size during the late progressive stages of the disease (Fig. 5A-I ), especially by increasing the numbers of large diameter fibers (Fig. 5J ). This increase in cross-sectional area of the largest fibers in KLþ/mdx mice results in an increase in variance of fiber cross-section, compared with either wild-type or mdx mice (Fig. 5K) . Klotho transgene expression also prevented the loss of muscle fibers from mdx mice as the disease progressed. Although mdx mice showed a loss of fiber numbers in muscle cross-sections by more than 50% at 6 months of age, compared with wild-type, fiber numbers for KLþ/mdx mice did not differ from wild-type at this age (Fig. 5L) . We also observed that klotho transgene expression increased Pax7 levels and satellite cell numbers, compared with mdx. At 1 month of age, Pax7 expression levels in mdx mice were significantly higher than wild-type controls (Fig. 5M) , reflecting the activation and expansion of satellite cell populations at the acute onset of the disease. Expression of the klotho transgene nearly doubled this expansion (Fig. 5M) , which may contribute to improved muscle regeneration. At 6 months of age, Pax7 expression in mdx mice was lower than wild-type levels ( Fig. 5N) , attributable to a depletion of satellite cell populations as the disease progressed. However, expression of the klotho transgene in mdx mice prevented the reduction of satellite cell populations that occurred in mdx mice between 1 month and 6 months of age (Fig.  5N) . Counts of the number of satellite cells per muscle fiber in 6-month-old mdx and KLþ/mdx mice ( Fig. 5O) showed an insignificant trend for more satellite cells per fiber in mice expressing the klotho transgene (Fig. 5P) . However, the progressive loss of satellite cells per fiber during the progressive stage of the pathology was prevented by klotho transgene expression; in fact, although satellite cell counts in mdx mice declined by 60% between 6 and 24 months of age, KLþ/mdx muscles showed a significant increase of about 42% in satellite cell counts during this same period (Fig. 5P ). In contrast, the number of MyoD-expressing cells lying on the surface of muscle fibers increased by 220% in mdx muscle between 6 and 24 months of age, but that increase did not occur in KLþ/mdx muscles (Fig. 5Q ). Expression of a klotho transgene in mdx mice does not affect muscle membrane lesions or muscle fiber central nucleation
Histological assays for fiber damage, indicated by cytosolic IgG, or muscle fiber regeneration, indicated by muscle fiber centralnucleation, showed that mdx muscular dystrophy increased both pathological features in hind-limb muscles from 6-and 24-month-old mice, compared with wild-type controls. However, expression of the klotho transgene had no significant effect on mdx muscle fiber damage or central nucleation at either age sampled (Supplementary Material, Fig. 1A and B).
KL acts directly on muscle cells to increase satellite cell proliferation and increase myotube growth
The large, positive effects of klotho transgene expression on retaining muscle mass, fiber size and satellite cell numbers in mdx muscular dystrophy suggested that some of the beneficial effects could result from direct actions on muscle cells. We tested this possibility by stimulating wild-type, mdx and C 2 C 12 myoblasts in vitro with KL in the presence or absence of heparin and FGF23. Heparin enhances KL signaling (27) and KL serves as co-factor for FGF signal activation by FGF23 (28) . We found that stimulation of myoblasts with KL together with FGF23 and heparin (KL/FGF23/Hep) more than doubled cell numbers in culture compared with either Hep only, KL/Hep or FGF23/Hep stimulated cultures ( Fig. 6A-C) . We also found that the increase in cell numbers required the simultaneous stimulation by all three factors (Fig. 6D ). We confirmed that the expansion of myoblast numbers was caused by increased proliferation by assaying whether the proportion of proliferative (Ki67þ) 
Mortality rate (%) Wild-type mouse kidney extract (Kid.) was used as positive control with the kidney lane loaded with 80% less total protein than muscle extract lanes. (C) Expression of a klotho transgene in mdx mice increases longevity. KLþ/mdx mortality rate is significantly less than mdx and does not differ significantly from wild-type mice. Number of mice in each group is shown parenthetically. Data are the percentage of mice in each genotype group that died during the first 2 years of life. (D) Treadmill running time to exhaustion was significantly greater in KLþ/mdx mice (n ¼ 11) than mdx mice (n ¼ 12). (E) Wire-hang time was significantly greater in KLþ/mdx mice (n ¼ 13) than mdx mice (n ¼ 10). (F-H) Expression of a klotho transgene in mdx mice increased muscle mass relative to body mass compared with mdx mice for tibialis anterior (F), soleus (G) and quadriceps (H). N ¼ 5 for each data set. * indicates significantly different from age-matched control at P < 0.05. # indicates significantly different from agematched mdx at P < 0.05. All data sets analyzed by one-way ANOVA. During aging, wild-type mice show a reduction in fiber cross-sectional area, but little accumulation of connective tissue or variability in fiber size (D). At 2 years of age, mdx mice show great reductions in fiber size, extensive variability in fiber size and increased space between fibers, reflecting connective tissue accumulation (E). KLþ/ mdx muscle fibers (F) are larger than mdx muscle fibers at 2 years and show less connective tissue accumulation. (G-I) Mdx muscle fiber cross-sectional area is significantly less than wild-type mice at 6 months (G), 1 year (H) and 2 years (I) of age. However, klotho transgene expression increases fiber cross-sectional area at 1 and 2 years of age, compared with mdx. N¼ 5 for each data set. (J) Frequency distribution of fiber cross-sectional areas for tibialis anterior muscles from mdx (purple bars; n ¼ 5) and KLþ/mdx mice (orange bars; n ¼ 5) shows the shift in fiber sizes to larger cross-sections in transgenic mice. (K) Calculation of variance in fiber cross-sectional areas of 6-month-old wild-type, mdx and KLþ/mdx mice shows that transgene expression causes an increase in variability of fiber size, compared with wild-type. Vþ (Fig. 6F) , or necrotic, propidium iodideþ (Fig. 6G) . We also observed positive effects of KL/FGF23/Hep stimulation on post-mitotic myotubes. KL/FGF23/Hep stimulation increased the protein content of myotube cultures, indicating a shift toward a positive protein balance (Fig. 6H ).
Klotho transgene expression reduces mdx muscle fibrosis during late, progressive stages of the pathology The histological observations that klotho transgene expression decreased the interstitial space between mdx muscle fibers during the progressive stages of mdx pathology suggested that KL may inhibit fibrosis during this stage of the disease. We tested this possibility by assaying for the effects of transgene expression on two major connective tissue proteins that contribute to mdx pathology, collagen types 1 and 3. QPCR data show that expression levels of both collagens are elevated in the early acute-onset and regenerative stages of the disease, but expression of the klotho transgene has no effects on collagen expression at these stages ( Fig. 7A-F) . However, during the late, progressive stage of pathology at 24 months old, the large increases in expression of both collagens in mdx muscle compared with controls are reduced by approximately half by klotho transgene expression (collagen type 1, 52% reduction; collagen type 3, 56% reduction; Fig. 7C and F) . These effects on expression are also reflected in the accumulation of the collagens in the interstitial space of 24-month-old muscles (Fig. 7G-N) . Although the proportion of mdx muscle that was occupied by collagen type 1 increased 100% in 24-month-old mice, that increase was reduced by 54% by klotho transgene expression (Fig. 7G-J) . Similarly, the 119% increase in collagen type 3 in 24-month-old mdx muscles was reduced by 49% by transgene expression (Fig. 7K-N) . mdx mice (I) shows that the volume fraction of muscle that is occupied by collagen type 1 is significantly increased in mdx mice compared with wild-type (J). However, there is no significant increase in KLþ/mdx muscles compared with wild-type (J). Immunohistochemistry of collagen type 3 accumulation in 24-month-old muscles from quadriceps muscles of wild-type (K), mdx (L) or KLþ/mdx mice (M) shows that the volume fraction of muscle that is occupied by collagen type 3 is also significantly increased in mdx mice compared with wild-type (N). Expression of the klotho transgene significantly reduces collagen type 3 accumulation in mdx muscles. N ¼ 5 for each data set. * indicates significantly different from age-matched wild-type at P < 0.05. # indicates significantly different from age-matched mdx at P < 0.05. All data sets analyzed by one-way ANOVA.
Klotho transgene expression shows age-dependent effects on profibrotic signaling pathways Fibrosis of muscle during muscular dystrophy and aging can be promoted by at least three pathways that likely overlap. A switch in satellite cell phenotype from a myogenic to a fibrogenic phenotype that requires increased expression in axin-2 and is promoted by TGFb has been implicated in muscle fibrosis during aging and muscular dystrophy (29, 30) . Increased expression of TGFb has been associated with increased muscle fibrosis by elevating numbers and activities of fibroblasts and fibro-adipogenic precursor cells (31, 32) and elevated expression of arginase contributes significantly to increased fibrosis in both aging and dystrophic muscle (33, 34) . We tested whether klotho transgene expression affected the expression of key transcripts in these pro-fibrotic mechanisms by assaying expression levels of axin-2, TGF-b1 and arginase-1 in 1-and 24-month-old mdx muscles. We found that at 1 month of age, there was a 3-to 6-fold increase in each of the transcripts assayed in mdx muscles compared with controls ( Fig. 8A-C) . However, klotho transgene expression had no effect on axin-2 or arginase expression, and produced only a small reduction in TGF-b1 expression. In 24-month-old muscles, TGF-b1 and arginase expression in mdx muscles were again elevated 2-to 6-fold, although there was no increase in axin-2 expression compared with wild-type muscles ( Fig. 8D-F ). In these late stages of the pathology, klotho transgene expression again had no significant effect on arginase expression and produced a small reduction in axin-2 expression. However, KLþ/mdx mice showed a 51% reduction of TGF-b1 expression compared with mdx muscles at 24 months of age, suggesting that KL may reduce fibrosis of dystrophic muscle during late progressive stages of the disease through reductions of TGFb signaling (Fig. 8E ).
Discussion
The current investigation indicates that epigenetic silencing of the klotho gene is an important feature of pathogenesis in the mdx model of DMD. Our findings show that after the acute onset of pathology in mdx muscles, klotho undergoes increased methylation of CpG sites in the promoter region of the gene, which is associated with gene silencing. There is also a significant increase in a repressive histone mark, dimethylated H3K9, on the klotho gene, which also contributes to gene silencing. This increased dimethylation of H3K9 on klotho is contrary to the reported reduction in mdx myonuclei that stain positively for H3K9me2 (7), indicating that there is some selectivity for the klotho H3K9 dimethylation in muscular dystrophy. We have also learned that expression of a klotho transgene restores longevity of mdx mice to wild-type levels, reduces wasting of muscle fibers during progressive stages of mdx pathology, improves muscle function and greatly increases the satellite cell pool, even at late stages of the disease. Thus, manipulation of klotho expression through either the pathological dysregulation of epigenetic controls or experimental perturbations of gene expression in vivo can have broad, significant effects on the severity of muscular dystrophy.
We were interested to learn that the silencing of the klotho gene occurs selectively in muscles of mdx mice and that this tissue-specific effect is sufficient to promote pathology substantially. The increase in pathology occurs despite the more than 2000 times higher level of expression of klotho in mdx kidneys and more than 100-fold higher expression in mdx brains, in which klotho expression is not affected by dystrophin deficiency. This suggests that KL-mediated effects on muscle homeostasis are largely paracrine and that KL's endocrine effects in mdx muscular dystrophy are not sufficient to rescue muscle from muscle-specific silencing of the klotho gene. Although fulllength KL is a type 1 transmembrane protein over 1000 amino acids long, the intracellular domain is only 10 amino acids and the large extracellular domain can be cleaved for its release into the circulation to function as a hormone (35) . However, another KL transcript that is generated through alternative transcriptional termination encodes a protein that is retained in the cytosol until it is released to act as a humoral factor (36) . Our finding that muscle KL is detectible in the cytoplasm but not at the cell surface suggests that KL derived from the cytosolic compartment contributes to maintaining muscle homeostasis, although it is also possible that functional KL is released rapidly from the sarcolemma, before accumulating to levels detectible by immunohistochemistry.
Our in vivo data showing that klotho silencing was associated with increases in klotho CpG methylation in the region of the TSS agree with the findings of other investigators concerning klotho silencing in kidney, cancer cells and neurons (14) (15) (16) (17) (18) (19) , but our in vitro data did not show an association between klotho silencing and CpG methylation. Despite the reduction of klotho expression and the increase in DNMT1 expression in menadionetreated muscle cells in vitro, no significant change in CpG methylation occurred. This finding reflects, in part, the high level of klotho methylation that occurs in unstressed muscle cells in vitro so that further increases in methylation may be difficult to resolve. The results also suggest that klotho silencing in menadione-treated muscle cells in vitro may occur primarily through other mechanisms, such as H3K9 dimethylation. Although whether the increased dimethylation of H3K9 is specifically a consequence of oxidative stress or some other menadione-mediated stress remains to be explored, the menadione treatment provided a mechanism to increase klotho H3K9 dimethylation in vitro, which produced klotho gene silencing. This parallels the increase in H3K9 dimethylation of klotho in mdx muscle in vivo that is associated with klotho gene silencing, which supports the interpretation that H3K9 methylation status is important in influencing klotho expression in muscle.
Our findings indicate that the loss of the normal renewal capacity of satellite cells is a primary defect in muscular dystrophy that is exacerbated by klotho gene silencing. Our observations show that KL is a strong mitogen that can cause a doubling of myoblast numbers in vitro within 48 h compared with non-stimulated control myoblasts. This is consistent with the in vivo effects of expression of the klotho transgene, in which the loss of satellite cells at progressive stages of the disease was prevented. Although it is controversial whether loss of satellite cells is a primary factor in muscle wasting that occurs in normal aging (37) , loss of the renewal capacity of satellite cells is expected to be a significant feature of DMD and mdx pathology during the progressive stage (38) . KL-mediated increases in satellite cell renewal may be sufficient to explain how the klotho transgene increases muscle mass and muscle fiber size in mdx mice, but our in vitro observations also show that KL treatment of post-mitotic myotubes increases protein content. This indicates that increases in muscle fiber size in KLþ/mdx mice may also reflect an additional mechanism through which KL shifts multinucleated muscle cells to a more positive protein balance.
Despite our data showing that klotho transgene expression in mdx mice restored them to the longevity of wild-type mice, we cannot conclude that the increased longevity was caused by beneficial effects of the transgene on the dystrophic pathology, per se. Expression of the klotho transgene on the wild-type background caused a 20-30% increase of lifespan, attributable to compensation for the systemic loss of klotho expression in multiple tissue that occurs during normal aging (28) . Nevertheless, whether improvement in mdx mouse longevity by the klotho transgene compensated or corrected the defect reducing lifespan, the findings support the possibility that increased KL delivery to dystrophin-deficient individuals can provide a mechanism to increase their longevity.
The large reduction of muscle fibrosis that occurred during the progressive stage of mdx pathology was a strong, beneficial effect of elevated KL production. This outcome is important in the context of KL's potential therapeutic value in DMD because muscle fibrosis is a particularly morbid condition in DMD that can negatively affect mobility, respiration and cardiac function. Previous investigators have established that reductions in klotho expression contribute to increased renal fibrosis caused by unilateral urethral obstruction [UUO (39) ]. Furthermore, treatment with recombinant KL or expression of a klotho transgene reduced renal fibrosis caused by UUO (40, 41) and delivery of a klotho construct by adeno-associated virus reduced vascular fibrosis in a rodent model of atherosclerosis (42) . The antifibrotic effect of KL in muscular dystrophy and renal fibrosis may function through inhibition of similar pro-fibrotic pathways. Elevations in the expression or activity TGF-b1 are associated with increased tissue fibrosis in muscular dystrophy and renal fibrosis (39, 40, 43) . Increases in KL delivery to dystrophic muscle or fibrotic kidneys cause large reductions in TGF-b1 expression (present investigation; 39, 41, 44) and corresponding reductions in the expression of collagen genes (present investigation; 41). Activation of TGFb-mediated fibrosis in dystrophic muscle and fibrotic kidneys is driven partially by increased signaling through the Wnt pathway (30, 42) . KL binds directly to Wnt leading to inhibition of Wnt signaling and reductions in TGF-b1 expression (41, 45) . In the present investigation, we assessed increases in axin-2 expression as an index of increased Wnt signaling because axin-2 is a target gene of Wnt and elevations of axin-2 mRNA in muscle reflect elevations in Wnt signaling (29) . Our observation that elevations of klotho expression in fibrotic, 2-year-old mdx muscle produce reductions in axin-2 and TGF-b1 expression that correspond to lower levels of collagen type 1 and type 3 expression and less fibrosis implicates the Wnt-TGFb-collagen pathway as a target for KL-mediated inhibition of fibrosis in muscular dystrophy. However, we found no effect of klotho transgene expression on the increase in arginase expression in mdx muscles although increases in arginase expression by intramuscular macrophages significantly increase muscle fibrosis in mdx mice and in aging muscles (33, 34) .
Although the identity of the specific cell types in dystrophic muscle that are influenced by the loss of KL expression to become pro-fibrotic is unknown, activation of either fibroblasts or satellite cells by TGFb can increase their expression of fibrotic genes, especially those encoding the collagens (46, 47) . Satellite cells in aging muscle undergo a shift to a more fibrotic, less myogenic phenotype that is attributable to activation of canonical Wnt signaling in satellite cells and associated with a reduction in muscle fiber size and increased production of connective tissue (29) . Because KL is a negative regulator of Wnt signaling, loss of muscle KL in mdx mice could contribute to a shift of satellite cells to a more fibrotic phenotype. However, TGFb also activates a population of fibrogenic cells in muscle that express platelet-derived growth factor receptor-alpha (PDGFRa). These cells, called PDGFRaþ mesenchymal progenitors (48) or fibro/ adipogenic progenitors [FAPs (49) ] are also activated to a more fibrogenic phenotype by TGFb, although whether this is mediated by Wnt signaling is unknown.
We believe that a particularly useful aspect of our work is that we have associated epigenetic silencing of a specific gene, klotho, with two major features of the pathology of mdx muscular dystrophy: the progressive loss of satellite cells and the accumulation of fibrotic material. Those findings suggest that KL-based therapeutics could provide multiple benefits for the treatment of muscular dystrophy. However, a perplexing finding that could become an obstacle for using KL delivery to treat muscular dystrophy is that skeletal muscle is a minor contributor to systemic KL, although its muscle-specific silencing contributes greatly to aspects of the pathology that we identify in our study. That observation tells us that the beneficial effects of KL expression on skeletal muscle health are more likely mediated through autocrine or paracrine effects, and perhaps pharmacological elevations of systemic KL will not provide rescue from features of the dystrophic pathology. Continuing studies are designed to test this question.
Materials and Methods
Human tissues
Human muscle samples were obtained from archived frozen skeletal muscle tissue removed for diagnostic purposes, with no pending clinicopathologic testing and for which a diagnosis of muscular dystrophy was rendered. Tissue samples were provided without patient identifiers according to guidelines approved by the UCLA Institutional Review Board.
Mice
All animals were handled according to guidelines approved by the Chancellor's Animal Research committee at the University of California, Los Angeles. C57BL/6 (wild-type mice) and C57BL/ 10ScSn-Dmd mdx /J mice (mdx mice) were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred in pathogen-free vivaria at the University of California, Los Angeles. The generation of transgenic mice that overexpress klotho (EFmKL46) has been described previously (10) . The transgene is under control of the elongation factor 1a promoter that causes systemic expression of the transcript. Mice carrying the klotho transgene were crossed into the C57BL/6 background for a minimum of six generations and then crossed into the mdx background using a previously described breeding strategy (6, 50) . Expression of the klotho transgene was confirmed by QPCR and western blot. Null mutation of the dystrophin gene was confirmed using mdx-amplification-resistant mutation system PCR (51). Primers are listed in Table 1 .
RNA isolation and qPCR
Muscles were homogenized in Trizol (Invitrogen) and RNA was extracted, isolated and DNase-treated using RNeasy spin columns according the manufacturer's protocol (Qiagen). RNA was then electrophoresed on agarose gels and RNA quality assessed by 28S and 18S ribosomal RNA integrity. RNA was reverse transcribed with Super Script Reverse Transcriptase II using oligo dTs to prime extension (Invitrogen). The cDNA was then used to assay the expression of selected transcripts using SYBR green QPCR Supermix according to the manufacturer's protocol (BioRad). Real-time PCR was performed on an iCycler thermocycler system equipped with iQ5 optical system software (BioRad). We used established guidelines for sample preparation, experimental design, data normalization and data analysis for QPCR to maximize the rigor of quantifying the relative levels of mRNA (52, 53) . We also empirically identified reference genes that did not vary between our experimental groups (RNPS1 and SRP14) using geNorm 3.5 software, as described previously (54) . The normalization factor for each sample was calculated by geometric averaging of the Ct values of reference genes using the geNorm software. The expression for each gene in control samples was set to 1 and the other expression values were then scaled to that value. Primers used for QPCR are listed in Table 1 .
Western blots
The expression levels of KL in muscles were assayed by western blot analysis. Equal loading of samples was confirmed by staining nitrocellulose blots with 0.1% Ponceau S solution (SigmaAldrich). Nitrocellulose membranes were blocked with 50 mM sodium phosphate buffer pH 7.4 containing 200 mM sodium chloride (phosphate-buffered saline; PBS) and containing 0.1% Tween-20 and 3% non-fat dried milk. The membranes were probed with rabbit anti-mouse KL (Abcam #75023) for 3 h at room temperature. Membranes were then washed with PBS containing 0.05% Tween-20 and probed with horseradish peroxidase (HRP) conjugated-donkey anti-rabbit IgG (Amersham, 1:10 000) for 1 h at room temperature. Membranes were washed and the expression levels of KL were visualized with chemiluminescent substrate and a fluorochem imaging system (Alpha Innotech). The specificity of the antibody to the dimethylated H3K9 (Abcam) that was used for ChIP assays was also tested by western blot. Lanes of gels were loaded with 2 mg of histone 3 (H3), H3K9me1, H3K9me2 or H3K9me3 (Abcam), electrophoresed, transferred to nitrocellulose membrane and then probed with mouse anti-H3K9me2. The blots were then washed and incubated with HRP-conjugated anti-mouse IgG before imaging using chemifluorescence.
ELISA
Whole blood was collected from the femoral artery and allowed to clot on ice for at least 30 min. The whole blood was spun for 10 min at 2000 rpm at 4
C. The supernatant was collected and stored in liquid nitrogen until analyzed by ELISA using a mouse klotho ELISA kit (Cloud Clone Corp.) Samples were thawed and placed in a microwell plate coated with an anti-mouse KL antibody according to the manufacturer's instructions. Following an HRP-based reaction, a colored product was formed in proportion to the amount of KL present, which was analyzed by a spectrophotometer (Bio-Rad Benchmark Microplate Reader) at a wavelength of 450 nm. The concentration of KL was determined by comparing the optical density of the samples to the standard curve.
Immunohistochemistry
Muscles were dissected from euthanized mice and then rapidly frozen in liquid nitrogen-cooled isopentane. Cross-sections of 10 mm thick were taken from the mid-belly of muscles, air-dried for 30 min and then fixed in ice-cold acetone for 10 min. Sections were blocked for 1 h with 3% bovine serum albumin (BSA) and 0.05% Tween-20 diluted in 50 mM Tris-HCl pH 7.6 containing 150 mM NaCl. Sections were then incubated overnight at 4 C with rabbit anti-mouse KL, or rabbit anti-collagen type 1 (1:50; Chemicon International) or goat anti-collagen 3 (1:50; Southern Biotech). The sections were washed with PBS and probed with biotin-conjugated secondary antibodies (Vector Laboratories, 1:200) for 1 h at room temperature. Sections were subsequently washed with PBS and then incubated for 30 min with avidin Dconjugated HRP (Vector, 1:1000). Staining was visualized with the peroxidase substrate, 3-amino-9-ethylcarbazole (Vector), yielding a red reaction product. Sections labeled with rabbit antiMyoD (Santa Cruz, 1:50) were processed identically, except they were fixed with 2% paraformaldehyde. For negative control preparations for anti-KL labeling, the antiserum was mixed overnight at 4 C with 10 mg of recombinant, full-length KL (Abcam) per ml of antiserum diluted at 1:50 in 50 mM Tris-HCl pH 7.6 containing 150 mM NaCl. Antibody complexed with antigen was centrifuged from the mixture at 10 000g for 10 min and the supernatant devoid of anti-KL IgG was used for labeling sections.
Production of Pax7 antibody and immunohistochemistry
Pax7 hybridoma cells were purchased from Developmental Studies Hybridoma Bank (Iowa City Iowa). Cells were cultured in complete medium consisting of Dulbecco's Modified Eagle Medium (DMEM) with 1% penicillin-streptomycin (Gibco) and 20% heat-inactivated fetal bovine serum (FBS). Conditioned medium was collected 48 h later and centrifuged at 400g for 3 min.
The supernatant was applied to an affinity chromatography column containing anti-mouse IgG-agarose beads (Sigma-Aldrich). Unbound protein was washed from the column and bound protein was then fractionated in glycine buffer containing 100 mM glycine (ACROS Organics) at pH 2.2. Protein concentration of each fraction was determined by measuring absorbance at 280 nm. Specificity of the antibody was tested by western blotting with the antibody only or antibody pre-incubated with Pax7 blocking peptide (Aviva Systems Biology). The antibody was then used for anti-Pax7 labeling of frozen muscle cross-sections. Sections were air-dried for 30 min and fixed in 2% paraformaldedye for 10 min. Sections were then immersed in antigen retrieval buffer ( 
Satellite cell counts
The number of satellite cells/sectioned muscle fiber was determined by counting the number of Pax7þ cells in mid-belly cross-sections of muscles and the total number of fibers per cross-section.
Methylation-specific PCR
Hamstring or quadriceps muscles (100 mg) were lysed in 750 ml Tris-EDTA buffer with 100 ml Protease K at 55 C for 48 h.
Genomic DNA samples were then purified by phenol-chloroform extraction. Genomic DNA samples were subjected to bisulfite conversion in which all the non-methylated cytosine residues were converted into uracil via deamination, whereas methylated cytosine remained unreacted. Bisulfite treated DNA (300 ng) was used for real-time PCR analysis using methylation and unmethylated specific primers. The methylation-specific primers were designed to be complementary to cytosine on CpG sites whereas unmethylation specific primers were complementary to uracil on CpG sites. Primers were designed with MethPrimer software using input sequence À1000 to þ900 bp of the mouse klotho start codon. A PCR product of genomic DNA that was not bisulfite converted was generated using primers located in the promoter region of klotho and used as input control.
The methylation index was calculated as 2^(Ct of input À Ct of methylated or unmethylated primers). Primer sequences are listed in Table 1 .
Targeted bisulfite sequencing
Because hypermethylation at the klotho TSS is important in its silencing, we sequenced Ch5: 150952090-150953510 (À627 to þ793 of the klotho start codon) (14, 22) . All 116 CpG sites within this region were covered by targeted bisulfite sequencing.
Hamstrings from 3-month-old C57 and mdx mice were digested with 0.5 mg/ml proteinase K overnight at 55 C. Genomic DNA was purified using phenol-chloroform-isoamyl alcohol (25:24:1) before bisulfite treatment and sequencing. Methylation status of CpG sites in the specified regions of interest (ROI) was assayed using sodium bisulfite-converted DNA-specific primers (designed by Zymo Research, Irvine, CA) using proprietary software. All primers were then tested using real-time PCR with 1 ng of bisulfite-converted control DNA, in duplicate individual reactions. Following primer validation, samples were bisulfite converted using the EZ DNA Methylation-Lightning Kit (Zymo) according to the manufacturer's instructions. Multiplex amplification of all samples using ROI-specific primer pairs and the Fluidigm Access ArrayTM System was performed according to the manufacturer's instructions. The resulting amplicons were pooled, purified (ZR-96 DNA Clean & Concentrator-ZR) and then prepared for sequencing using a MiSeq V2 300 bp reagent kit and paired-end sequencing protocol according to the manufacturer's guidelines.
Targeted sequence alignments and data analysis
Sequence reads were identified using Illumina base-calling software and aligned to the reference genome using Bismark (http://www.bioinformatics.babraham.ac.uk/projects/bismark/), last accessed April 20, 2016 , an aligner optimized for bisulfite sequence data and methylation calling (55) . The methylation level of each sampled cytosine was estimated as the number of reads reporting a C, divided by the total number of reads reporting a C or T. The presence of DMR in the klotho promoter region was assessed using the R package Biseq (56,57).
Cluster analysis of CpG methylation
The possibility that wild-type and mdx samples could be grouped separately according to their CpG methylation status in the klotho promoter region was assessed by hierarchical cluster analysis using the R package methylKit and single-linkage method (57) .
Chromatin immunoprecipitation
C 2 C 12 cells were trypsinized to detach them from the culture dishes and then fixed in 1.1% formaldehyde for 15 min. The fixed chromatin was sheared using a Q800R1 sonication system at 20% amp, 15 s on, 15 s off for 24 cycles to reach fragment size of $500 bp. Whole muscle tissue that was used for ChIP was homogenized with a mortar and pestle cooled with liquid nitrogen. Samples were transferred to a pre-chilled centrifuge tube and fixed with 1.1% formaldehyde for 15 min. Fixed chromatin from muscle tissue was sheared by sonication at 40% amp, 15 s on, 30 s off for 26 cycles to reach fragment size of $500 bp. Ten micrograms of fixed chromatin from each sample was incubated with 2 mg anti-H3K9ac, anti-H3K9me2, anti-H3K79me2 or mouse IgG (Abcam) as negative control overnight. Protein A beads (Abcam) were washed and added to each sample. Each beads-chromatin mix was then washed three times with wash buffer, decrosslinked with 40 mg of proteinase K for 2 h at 55 C and then purified with phenol-chloroform-isoamyl alcohol (25:24:1). DNA was precipitated in 2.6Â volume of 100% ethanol and diluted with 23 ml Tris-EDTA buffer. For an input control, 5 mg of fixed chromatin was directly decrosslinked and purified with phenol-chloroform-isoamyl alcohol. DNA concentration of the solution was measured; 50 ng of DNA was used in each PCR reaction.
qPCR of ChIP samples 11.5 ml of each ChIP product or 50 ng of input DNA was used for klotho PCR. The primers were designed to specifically target klotho promoter region ch5:150952159-150952358 (À558 to À359 of klotho start codon) ( Table 1) . The results were calculated by percent input method. 
Menadione treatment of muscle cells
Primary myoblast culture preparation
Primary myoblast cultures were prepared from 8-week-old mdx or wild-type mice as described previously (58) . Hindlimb and forelimb muscles were removed and rinsed in Dulbecco's phosphate buffered saline (DPBS). Muscles were minced to a coarse slurry and digested in 2 ml enzyme buffer (2. of 5% CO 2 . The cells were attached and $30% confluent 24 h after plating. Cells were stimulated as described for primary cultures. Five replicate wells were stimulated per treatment condition. Myoblasts were $90% confluent and not fused when they were collected 24 h following the second stimulation. Cells were released with 1 ml 0.05% trypsin-EDTA, washed with PBS and stained with trypan blue for counting. We also assayed whether the delivery sequence of the individual, stimulation factors affected myoblast proliferation by introducing the factors in alternating succession. Myoblasts were seeded in six-well plates, stimulated, collected and counted following the schedule and dosing described above. One group of myoblast cultures was stimulated with KL/Hep at 24 h, followed by FGF/Hep at 48 h. A second group of myoblast cultures was stimulated with FGF/Hep at 24 h, followed by KL/Hep at 48 h. Control groups of Hep and KL/FGF/Hep were included to verify previous effects of stimulation on proliferation.
Proliferation of stimulated myoblasts was also measured by Ki67 staining. Myoblasts were seeded on sterile, glass coverslips coated with 2% gelatin in 60 mm dishes at 120 000 cells per dish. The cells were $30% confluent 24 h after plating. Myoblasts were stimulated with Hep, KL/Hep, FGF/Hep and KL/FGF/Hep following the schedule and dosing described previously. At 24 h following the second stimulation, coverslips with myoblasts were washed three times with PBS, fixed in cold, 100% methanol for 15 min and washed again with PBS. Coverslips were then incubated in 0.3% H 2 O 2 in PBS for 10 min to quench endogenous peroxidases, washed in PBS and blocked in 3% BSA buffer (described above) for 30 min. Following a PBS wash, coverslips were incubated with goat anti-Ki67 (1:25; clone M-19, Santa Cruz Biotechnology) for 2 h at room temperature. Coverslips were washed three times with PBS before and after a 30 min incubation with biotin-conjugated anti-goat IgG (1:200; Vector Laboratories) and a subsequent, 30 min incubation with avidin-HRP (1:1000; Vector Laboratories). Red staining for Ki67 was visualized using the peroxidase substrate 3-amino-9-ethylcarbazole.
Assays for KL effects on muscle cell death and apoptosis
Stimulated myoblasts were stained with annexin V or propidium iodide to determine whether cell viability was affected by the stimulation protocol. C 2 C 12 myoblasts were seeded in 60 mm dishes at 120 000 cells per dish. Myoblasts were stimulated with Hep, KL/Hep, FGF/Hep and KL/FGF/Hep following the schedule and dosing described previously with triplicate plates per condition for each stain. To ensure that any detached, potentially apoptotic cells were detected, the culture medium was collected. The remaining, attached myoblasts were released with 2 ml of trypsin-EDTA as described previously and added to the collected medium. Myoblasts were pelleted and washed in PBS to prepare cells for staining in suspension. Pellets were resuspended in annexin-V-FITC (1:100 in 1X binding buffer; Trevigen, Gaithersburg, MD) and incubated 15 min at room temperature while protected from light. Stained myoblasts were washed with binding buffer, applied to glass slides drop-wise and mounted for analysis. The remaining myoblast pellets were stained with propidium iodide (1:10 in 1X binding buffer; Trevigen) following an identical protocol.
Assay for KL effects on muscle growth
Myoblasts were seeded in six-well plates at 120 000 cells per well, grown to confluence with culture medium changes on alternate days and differentiated as described above. Myotubes were stimulated with Hep, KL/Hep, FGF/Hep and KL/FGF/Hep at 24 and 48 h after differentiation following the previously described dosing with five replicates per treatment. Cells were collected in reducing sample buffer (80 mM Tris-HCl pH 6.8, 0.1 M dithiothreitol, 70 mM sodium dodecyl sulfate, 1.0 mM glycerol) with protease inhibitor cocktail (1:100, Sigma) 24 h after the second stimulation. Protein concentration per well was determined as described previously (59) .
Muscle function testing
We assayed the effects of klotho transgene expression on mouse function by measuring running time on a treadmill (Exer 3/6 treadmill; Columbus Instruments) until exhaustion. Eightmonth-old mice were first acclimated to the treadmill by allowing them to run voluntarily at low speed (4 m/s). They were subsequently tested at a treadmill speed set at 8 m/s on a þ10 incline until exhausted. Exhaustion was identified at the point when mice would rest on a grid delivering electrical shocks at the bottom of the treadmill (3.4 mA for 200 ms at 3 Hz), rather than continue running. We also used a modified wire-hang test to assess mouse strength (54) . Mice were tested for hang-time while holding onto a horizontal wire, with a 1 min rest intervals between trials. The longest time of the three trials was used for comparison to other mice.
Fiber size and number
Frozen, cross-sections of tibialis anterior muscles were sectioned at the midbelly of muscles and used for fiber crosssectional area measurements, fiber number counts and measurements of variance of cross-sectional areas within treatment groups. Sections were stained with a hematoxylin solution, all fibers were counted, and the cross-sectional area of 500 fibers was measured using a digital imaging system (Bioquant).
Assay for fiber damage
Injured muscle fibers were identified by the presence of mouse IgG in the cytoplasm, indicating that the fibers had membrane lesions large enough to allow large extracellular proteins to diffuse into the cell. Frozen cross-sections of quadriceps muscle were incubated for 30 min in 3% BSA and 0.05% Tween-20 diluted in 50 mM Tris-HCl pH 7.6 containing 150 mM NaCl. The sections were then washed in PBS and then incubated in biotinylated anti-mouse IgG (1:200; Vector) for 1 h, washed in PBS and then incubated for 30 min with avidin-conjugated HRP (1:1000; Vector). Immunolabeled fibers were then visualized using a peroxidase substrate kit (Vector). Injured fibers were then identified microscopically and their numbers expressed relative to the total number of fibers present in the muscle crosssection.
Assay for central nucleation
The proportion of fibers containing central nuclei, an indicator of previous injury and regeneration, was determined in frozen, hematoxylin-stained cross-sections of entire quadriceps muscles. Central-nucleation was expressed as the ratio of central nucleated fibers relative to the entire population of fibers sampled for each muscle.
Assay of muscle connective tissue content
The volume fraction of muscle that was occupied by collagen type 1 or collagen type 3 was determined by overlaying a 10 Â 10 eye-piece mm grid on microscopic images of cross-sections of entire muscles that were immunolabeled with antibodies to collagens type 1 or type 3. The percentage of grid intercepts that overlaid antibody-labeled connective tissue relative to total grid intercepts was determined to assess connective tissue volume fraction.
Statistics
Data are presented as mean 6 S.E.M. One-way analysis of variance was used to test whether differences between groups were significant at P < 0.05. Significant differences between groups were identified using Tukey's post hoc test.
Supplementary Material
Supplementary Material is available at HMG online.
